Objective: Mutations in dysferlin (DYSF), a Ca 2+ -sensitive ferlin family protein important for membrane repair, vesicle trafficking, and T-tubule function, cause Miyoshi myopathy, limb-girdle muscular dystrophy type 2B, and distal myopathy. More than 330 pathogenic DYSF mutations have been identified within exons or near exon-intron junctions. In~17% of patients who lack normal DYSF, only a single disease-causing mutation has been identified. We studied one family with one known mutant allele to identify both the second underlying genetic defect and potential therapeutic approaches. Methods: We sequenced the full DYSF cDNA and investigated antisense oligonucleotides (AONs) as a tool to modify splicing of the mRNA transcripts in order to process out mutant sequences. Results: We identified a novel pseudoexon between exons 44 and 45, (pseudoexon 44.1, PE44.1), which inserts an additional 177 nucleotides into the mRNA and 59 amino acids within the conserved C2F domain of the DYSF protein. Two unrelated dysferlinopathy patients were also found to carry this mutation. Using AONs targeting PE44.1, we blocked the abnormal splicing event, yielding normal, full-length DYSF mRNA, and increased DYSF protein expression. Interpretation: This is the first report of a deep intronic mutation in DYSF that alters mRNA splicing to include a mutant peptide fragment within a key DYSF domain. We report that AON-mediated exon-skipping restores production of normal, full-length DYSF in patients' cells in vitro, offering hope that this approach will be therapeutic in this genetic context, and providing a foundation for AON therapeutics targeting other pathogenic DYSF alleles.
Introduction
Dysferlin (DYSF) is a member of the ferlin family of Ca 2+ -dependent phospholipid-binding proteins that functions in membrane vesicle fusion, membrane repair, Ttubule stability, and Ca 2+ homeostasis. 1,2 Insufficient DYSF leads to muscular dystrophies (dysferlinopathies) that include Miyoshi myopathy (MM), limb-girdle muscular dystrophy type 2B (LGMD-2B), and distal myopathy with anterior tibial onset (DMAT). 3, 4 These recessively inherited diseases are characterized by muscle weakness beginning in late teens to early twenties. Clinical symptoms include progressive, largely symmetrical weakness, and elevated serum creatine kinase (CK) indicative of muscle damage, inflammation, and abnormal muscle morphology. [5] [6] [7] [8] As with other forms of muscular dystrophy, there is currently no primary treatment for dysferlinopathies; there is a compelling need for new therapeutic approaches to treat these diseases.
As a member of the ferlin family, DYSF has seven Ca 2+ -sensitive phospholipid binding C2 domains (C2A through C2G) that vary in their phospholipid binding characteristics, 9 relative importance for DYSF dimerization 10 and membrane interaction, 11 and collectively may alter the structure of lipid bilayers, facilitating membrane fusion and interaction with other proteins. 12 DYSF interacts with a number of proteins that function in membrane trafficking and fusion including caveolin-3, This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
annexins A1 and A2, 14 affixin, 15 calpain-3, 16 MG53 17 , and AHNAK. 18 Through these interactions, DYSF plays an important role in sarcolemma repair following membrane damage as well as vesicle trafficking, membrane turnover, 5, 19 and T-tubule formation and function. [20] [21] [22] DYSF (237 kDa) is derived from a~6.2 kb transcript assembled from up to 55 exons. There are 14 isoforms of DYSF that arise from use of two separate promoters and alternate exon splicing, with isoform 8 being predominant in skeletal muscle. 23 Disease-causing mutations in DYSF occur throughout the gene with no obvious hot spots or correlations with specific disease features. 24 Genetic data compiled in Universal Mutation Database for Dysferlin (UMD-DYSF, v.1.1 26 April 2013, http://www.umd.be/ DYSF/) 24 list 337 disease-causing mutations that have been found in 725 patients worldwide. Approximately 48% of these patients are homozygous for specific mutations, while the remaining 52% are heterozygous and~17% of patients have only one pathogenic mutant allele identified through standard exon sequencing approaches used to screen for mutations. The unknown mutations in other pathogenic alleles likely reside within intronic or regulatory regions not typically interrogated in such assays. Alternative approaches are required to identify these other mutant alleles.
We have studied two such heterozygous MM patients (siblings) for whom only one pathogenic mutant allele has been defined despite multiple sequencing efforts examining DYSF exons and flanking intronic regions. These patients lack normal DYSF in their muscles and are heterozygous for a nonsense mutation in exon 32. To identify the second unknown mutation, we looked directly for alterations in the mRNA expressed in myogenic cells from these patients. We identified a deep intronic point mutation within intron 44 (44i) that leads to abnormal mRNA and protein structure. In addition, we report partial restoration of normal DYSF mRNA and DYSF protein levels in myogenic cells from these patients using antisense oligonucleotides (AONs) to bypass the pseudoexon created by the 44i mutation, providing a novel therapeutic approach to restore DYSF function.
Materials and Methods

Patients
Two MM patients (ID# 8597, 8601, designated herein as P1 and P2, respectively) are siblings that exhibited typical MM disease symptom onset and progression. In their early twenties, they developed difficulty walking on their toes and myalgias, and were found to have very elevated serum CK levels (more than 100-fold elevated). Subsequently, they developed progressive distal to proximal leg weakness and atrophy, followed in their late thirties and early forties with some hand weakness. Muscle biopsies performed in the initial stages of the disease revealed muscle degeneration with fatty replacement. After the discovery of DYSF in 1998, a repeat muscle biopsy was performed in the older brother; no DYSF was detected by immunostaining or immunoblotting in that specimen. Analogously, little or no DYSF was detectable in monocytes from either brother. Exon sequencing determined that they are heterozygous for a nonsense mutation in DYSF exon 32 (c.3444_3445delTGin-sAA, p.Y1148X) that causes a premature stop codon within the C2D domain. Further sequencing analyses failed to identify a second pathogenic allele, suggesting that this mutation lies within noncoding regions of the gene. Skin biopsies and blood were collected from these patients and their immediate relatives to generate dermal fibroblast cell cultures and for DNA analyses. The fibroblasts were used to develop myogenic cell culture lines.
In the initial phase of this study, we screened DNAs from 114 patients with a clinical diagnosis of MM, representing 81 pedigrees. Included in this set was the index family, patients P1 and P2. In a second phase of the study, we were provided DNA samples from eight unrelated MM individuals who were DYSF negative in monocyte assays and for whom at least one of the pathogenic DYSF mutations had not been identified by exon sequencing (some of which previously described 25 ). DNAs from an additional 724 individuals without muscle disease (either clinically normal or with unrelated conditions) were used in these studies. Patient materials were collected after informed consent was obtained and all protocols were approved by the University of Massachusetts Medical School or Emory University School of Medicine Institutional Review Boards. 
Cell cultures
Dermal fibroblast cultures
Myogenic conversion of dermal fibroblasts and myoblast lines
We established inducible fibroblast-derived myogenic (iFDM) cell cultures from patient and normal NHDF fibroblast lines using methods described. 26, 27 Fibroblasts were transduced with a tamoxifen-inducible MyoD lentivirus (Lv-CMV-MyoD-ER(T), 26 Addgene, Cambridge, MA, USA). These cells proliferate as fibroblasts until induced to express MyoD by 4-hydroxytamoxifen (TMX) treatment (5 lmol/L TMX [Sigma, H-7904]) in GM for 1 day followed by 3 days in 1 lmol/L TMX in differentiation medium (DM) (DMEM Glutamax with pyruvate: Medium 199 [Gibco] (3:1), 2% horse serum [HyClone, Logan, UT, USA], 20 mmol/L HEPES, and 20 lg/mL insulin, 11 lg/ mL transferrin, 1.3 lg/mL selenium [29 ITS, Gibco]), replacing DM every third day. In initial experiments, TMX was added throughout the differentiation period, but equivalent differentiation was observed with 3 days of treatment, so the TMX induction in DM was shortened to 3 days. Some fibroblasts were also immortalized by transduction with an hTERT lentiviral vector (Lv-CMV-hTERT-IRESPuro, UCLA Vector Core, 27 ) prior to myogenic conversion with the MyoD lentivirus, extending the proliferative potential of these cells.
We also obtained a myoblast cell line (01Ubic-CT2 ["UBic"]) (Dr. Charles Emerson, UMass Medical School Wellstone Muscular Dystrophy Cooperative Research Center) derived from normal human biceps muscle and immortalized by transduction with hTERT and CDK4 retroviruses 28 to generate an unrestricted supply of "normal" myogenic cells.
Immunocytochemistry
Differentiated iFDM cells were fixed with 4% paraformaldehyde for 10 min then permeabilized and immunostained using antimyosin heavy chain antibody (MF20, monoclonal supernatant 1/10 dilution, Developmental Studies Hybridoma Bank, U. of Iowa) and detected with Alexa 488 antimouse IgG (Invitrogen, Grand Island, NY, USA) and Hoechst 33258 to stain nuclei with methods as described. 29 
Protein analysis
Proteins were extracted from differentiated iFDM cells using Radio-Immunoprecipitation Assay (RIPA) buffer (40 mmol/L Tris-HCl pH 8, 150 mmol/L sodium chloride 1% Triton X-100, 0.5% sodium deoxycholate, 0.5% SDS) with protease inhibitors (complete, Roche, Indianapolis, IN, USA) then a sample was quantified using a BCA (bicinchoninic acid) protein assay (Thermo Fisher Scientific, Waltham, MA, USA). The remaining protein was heated at 70°C in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) Laemmli sample buffer 10 min then separated on 7.5% acrylamide TGX SDS-PAGE gels (Bio-Rad, Hercules, CA, USA), blotted onto nitrocellulose filters using an iBlot Gel Transfer Device (Life Technologies, Grand Island, NY, USA, program P3, 10 min), and analyzed by western immunostaining using LI-COR Odyssey blocking reagent and methods as described. 30 Primary antibodies included and anti-DYSF specific for the C-terminal end (NCL-Hamlet, Leica Biosystems, Buffalo Grove, IL, USA, 1/1000) or Nterminal end (Romeo, JAI-1-49-3, Abcam, Cambridge, MA, USA, 1/500), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (10R-G109a Fitzgerald, Acton, MA, USA, 1/1000). Blots were quantitatively analyzed using a LI-COR Odyssey infrared imager.
Nucleic acid purification and reverse transcription
Genomic DNA and RNA were prepared from cells using Gentra Puregene (Qiagen, Valencia, CA, USA) and TRIzol (Life Technologies) reagents, respectively, following manufacturer's protocols. RNA was DNAse digested (TURBO DNA-Free, Ambion, Austin TX, USA), to remove DNA contaminants then 0.2-2 lg RNA was reverse transcribed (High Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Foster City, CA, USA) using manufacturer's protocols.
PCR amplification
For all RNA and cDNA analyses, we used DYSF mRNA variant 8 (NM_003494.3) as the reference sequence, as it is the predominant isoform in skeletal muscle. We first used polymerase chain reaction (PCR) primers to amplify and sequence the cDNA from patient and normal iFDM cells to determine whether the exon 32 (c.3444_3445delTGinsAA) mutant allele is expressed in these cells. For this we used the primers: DYSF31-F (5 0 -GTGTGAACAGACCCACGAT-3 0 ) and DYSF33-R (5 0 -GTCGTACAGCTCCACCACAA3 0 ). To sequence the complete DYSF cDNA, we used the PCRTiler v1.42 program 31 (http://pcrtiler.alaingervais. org:8080/PCRTiler/index.jsp) to design 17 primer sets to amplify~500 bp cDNA segments that overlapped bỹ 50 bp and spanned the entire 6.9 kb DYSF cDNA (Table  S1 ). cDNAs from cell cultures (corresponding to 40 ng input RNA) were amplified by PCR using Hotmaster Taq DNA polymerase (5 PRIME, Gaithersburg, MD, USA) as follows: 95°C for 5 min. 30 cycles of 95°C for 30 sec, 59.1°C for 30 sec, 72°C for 1 min, then 72°C for 10 min. PCR products were analyzed by gel electrophoresis and amplified products were purified and sequenced.
Similarly, primers were designed (Table S2) to amplify through and sequence DYSF intron 44i using 20 ng of genomic DNA from patient cells and blood samples using identical PCR conditions. For RNA expression analyses, RNA was extracted and expression of normal and PE44.1 containing mutant RNA was evaluated by RT-PCR using primers that distinguish the two mRNA forms based on amplicon size (primers DYSF44/45-F and DYSF44/45-R [ Table S3 ]). These primers span the exon 44-45 junction and generate a 143-bp amplicon from the normal cDNA (exon 44 + 45) and 320-bp amplicons from the mutant cDNA containing PE44.1 (exon 44 + PE44.1 + 45). Primers for beta-2-microglobulin (B2M, Bio-Rad) served as a RNA quality and loading control. cDNAs (corresponding to 20 ng input RNA) were amplified using Hotmaster Taq DNA polymerase as follows: 94°C for 2 min, 30 cycles of 94°C for 20 sec, 58°C for 20 sec, 65°C for 1 min, then 65°C for 10 min. PCR products were analyzed by gel electrophoresis.
For quantitative PCR (Q-PCR), cDNAs (corresponding to 20 ng input RNA) were amplified using primers that distinguish PE44.1-containing mutant RNA (DYSF 44.1-Q F and R) and normal RNA (DYSF 44/45-Q F.2 and R.2) (Table S3 ). Primers for GAPDH were used to normalize RNA levels. Primers specific to sequences spanning the junction of exons 50 and 51, present in all DYSF forms, were used to determine the total DYSF mRNA levels, and this served as the 100% DYSF expression value for each sample to approximate the relative expression of the mutant and normal exon 44/45 splice forms. For Q-PCR, we used DyNAmo HS SYBR Green qPCR Kit reagents (Thermo Scientific) and a Bio-Rad CFX384 C-1000 Touch Real-Time PCR Detection System. The PCR conditions were 95°C for 15 min, 45 cycles of 94°C for 10 sec, 58°C for 30 sec, 72°C for 30 sec, then 72°C for 10 min followed by melt curve analysis (65-95°C) to ensure product quality.
Allelic discrimination assays
TaqMan Probes were designed (Applied Biosystems) to distinguish normal and mutant alleles of the novel point mutation we identified in intron 44i of the two MM patients (Table S4 ). These were used in PCR reactions (Taqman Genotyping Master Mix Kit; Applied Biosystems) to amplify 10 ng of genomic DNA from the two MM patients, their immediate family members, 112 unrelated MM or LGMD2B patients (representing 81 pedigrees), and 724 DNA samples from a random population of normal individuals and those with unrelated diseases. PCR conditions were as follows: 95°C for 10 min. then 50 cycles of 92°C for 15 sec, 60°C for 1 min. PCR products were analyzed on a Bio-Rad CFX384 C-1000 Touch Real-Time PCR Detection System using the allelic discrimination software.
Monocyte assay for DYSF expression and serum CK expression
The relative level of DYSF protein expression was determined for patients P1 and P2, their relatives, and eight additional unrelated dysferlinopathy patients. The monocyte assay 25 and CK assay 32 used for this were performed as described previously.
AON transfections
The 44i mutation we identified leads to inclusion of an in-frame pseudoexon that disrupts the normal DYSF protein sequence. We hypothesize that inhibiting the splicing of PE44.1 would allow restored synthesis of normally spliced DYSF transcripts. We used Human Splicing Finder 33 and Rescue-exonic splicing enhancer (ESE) 34 online tools to design three AONs targeting potential ESE sequences within PE44.1 that could enhance its inclusion in spliced mRNA, along with a nonspecific scrambled AON that does not target this region (Table S5) . These AONs were synthesized as 2 0 -O-methyl RNA with fulllength phosphorothioate backbones (Integrated DNA Technologies, Coralville, IA, USA). iFDM cells from patient P1, P2, and normal NHDF-2 fibroblasts were allowed to differentiate for indicated lengths of time to form myotubes. Cells were transfected with each AON (600 nmol/L) (or TE buffer or medium only ("0 Added") as control) using Oligofectamine (Life Technologies) and the manufacturer's protocol. After the indicated times, RNA was extracted and the expression of normal and PE44.1 containing mutant RNA was evaluated by RT-PCR or quantitative RT-PCR.
Statistics
Statistical significance was evaluated using one-way analysis of variance (ANOVA) with post-hoc Tukey tests. For this we used Prism 5.0 statistical analysis software (GraphPad Software, San Diego, CA, USA).
Results
Identification of a deep intronic mutation in DYSF intron 44
The two index MM patients in our study, P1 and P2, do not express detectable DYSF protein in either their muscles or monocytes. Exon sequencing determined that they are heterozygous for a nonsense mutation in DYSF exon 32 (c.3444_3445delTGinsAA) that causes a premature stop codon within the C2D domain. Further sequencing analyses of DYSF exonic regions failed to identify a second pathogenic mutation on the other allele, suggesting that this mutation lies within noncoding regions of the gene. To identify the mutation on the other allele, we first established a myogenic cell culture system with cells from the patients and normal controls. Skeletal muscle cells or tissue were unavailable for our studies. We therefore generated myogenic cell lines from dermal fibroblasts cultured from patient skin biopsies. The fibroblasts from patients, along with normal control fibroblasts, were converted to iFDM cell cultures using lentiviral constructs to introduce a tamoxifen-inducible form of the myogenic regulator MyoD, which drives the myogenic program. In addition, lines were immortalized by introducing hTERT to extend their proliferative lifespan. Upon treatment of cells with tamoxifen, cultures contained numerous multinucleate myotubes and expressed differentiated muscle proteins such as myosin heavy chain as shown in Figure 1A , and on very rare occasion were observed to spontaneously contract. These lines thus provide an unrestricted supply of patient-derived myogenic cells with a high capacity to differentiate.
Western blots containing protein from differentiated patient-derived iFDMs probed with C-terminal anti-DYSF antibodies (NCL-Hamlet) showed low levels of DYSF protein of apparently normal size (at~20-40% the amount in normal iFDMs) (Fig. 1B) . Similar results were obtained with anti-N-terminal DYSF antibody (not shown). Therefore, although DYSF protein was not detected in muscles or monocytes from these patients, low levels of DYSF protein are produced in these mutant cell cultures. The known mutation in these patients causes a premature stop codon within exon 32. Accordingly, one anticipates that this should result in a mutant transcript that should, in turn, generate a truncated protein (~130 kDa); we did not observe such a truncated protein, presumably because nonsense-mediated decay eliminates this mutant transcript. We therefore surmised that the DYSF protein of apparently normal size detected in vitro must have been derived from the allele without an exonic mutation.
To explore this further, we prepared cDNA using RNA from differentiated iFDM cells from derived patients P1, P2, and normal control NHDF-2 fibroblasts. We first used PCR primers that amplify the cDNA region around the known exon 32 mutation to determine whether transcripts carrying this mutation are expressed in the patient-derived iFDMs. Sequence analysis of amplified RT-PCR products showed that RNA did not contain the c.3444_3445delTG-insAA exon 32 nonsense mutation but rather contained only the wild-type (TG) sequence in this region, indicating that the DYSF mRNAs are produced only from the allele without this exonic mutation. This finding was consistent with the possibility that the mRNA products of the exon 32 mutant allele are likely degraded via rapid nonsensemediated mRNA decay mechanisms. To further define the structure of the mRNA produced in the mutant iFDMs, PCR primer sets that generate 17 overlapping amplicons (Table S1 ) were used to sequence the full 6.9-kb DYSF cDNA from these cells, including 341 bp of 5 0 UTR and 246 bp of 3 0 UTR sequence. Most of these primer sets generated amplicons of the same size when comparing cDNAs from patients P1, P2, and normal differentiated iFDM cells ( Fig. 2A, panels A and D) . However, two of the overlapping primer sets revealed a novel amplification product only in the patient cDNAs ( Fig. 2A , panels B and C, arrows). These two primer pairs span the junction of DYSF exons 44 and 45 (reference: DYSF mRNA variant 8, the predominant isoform in skeletal muscle). Using additional PCR primers that flank this 44/45 junction, we amplified cDNAs from skeletal muscle biopsy tissue RNA from Patient 1 and an unrelated, nonsymptomatic iFDMs from patients express lower levels of DYSF than normal iFDMs, and this appears to be of normal size. GAPDH levels are shown as a control for protein loading (10 lg protein/lane). iFDMs, inducible fibroblast-derived myogenic cell; DM, differentiation medium.
individual. As shown in Figure 2B , very low amounts of DYSF transcripts are present in the patient's muscle tissue and include both mutant and normal splice forms as detected by the two amplification products (320 and 143 bp, respectively). Only the normal cDNA amplification product is observed in the normal control muscle.
Subsequent sequence analysis of amplicons from each patient and control iFDM cell cDNA revealed that the novel amplicons contained 177 bp of intron 44i sequence spliced into the cDNA at the exon 44-exon 45 junction, maintaining the normal reading frame (Fig. 3) . As a result, 59 amino acids are inserted into the protein sequence after amino acid 1629 (isoform 8). The patients therefore express a novel pseudoexon (PE), which we termed PE44.1, derived from sequences within DYSF 44i that are spliced into the mature transcript.
We sequenced the DYSF 44i region in genomic DNA from iFDMs and from blood samples from both patients and compared it with the genomic NCBI reference sequence. Sequence analysis revealed a point mutation in both patients nearly midway in intron 44i (c.4886+1249 (G>T) (Fig. 4A ). This (G>T) mutation, which occurs 2 bp after the 3 0 end of the PE44.1 insertion sequence, generates a consensus splice donor sequence at that site that promotes the aberrant splicing of PE44.1 into the mature transcript (Fig. 4B) . Along with the novel splice donor site created by this (G>T) mutation, analysis of the intronic sequence upstream of PE44.1 reveals that other sequence elements required for splicing are also present in this region. As shown in Figure 4C , there is a conserved splice acceptor site at the 5 0 end of PE44.1 along with a required pyrimidine-rich region immediately upstream and two potential lariat branch point sequences (as identified by Human Splicing Finder version 2.4.1 33 ), which is typically 20-to 50-bp upstream of the splice site. Therefore, multiple elements required by the splicing machinery are in place within this intronic region to allow the aberrant splicing of PE44.1 within the mRNA in the presence of this (G>T) point mutation.
In addition to the (c.4886+1249 (G>T)) mutation, complete sequence analysis of all the DYSF cDNA amplicons from patients P1 and P2 identified four other common sequence variants in their cDNA relative to the reference sequence (Table 1) . Sequence analysis of their genomic DNA within DYSF intron 44i identified six additional polymorphisms ( Table 2 ). All of these are common, previously identified polymorphisms that have not been found to cause disease.
The alternate DYSF splice forms present in patients P1 and P2 cells are shown in Figure 5A . Our cDNA amplification and sequencing results show that both normal and mutant PE44.1 mRNA splice forms are present in patient muscle and differentiated iFDM cells, typically in similar proportions (Figs. 2, 7, 9 ). The impact of PE44.1 inclusion in the DYSF mRNA and protein is further shown in The novel variant has not previously been described in the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/). Other variations are reported in the dbSNP database and have not been shown to be pathogenic. The primer sets used to amplify and sequence these regions are shown.
Figure 5B and C. DYSF exons 44 and 45 encode part of the conserved C2F domain of DYSF. Insertion of the PE44.1 sequence leads to the in-frame insertion of 59 amino acids within the C2F domain, a large disruption that is likely to significantly impair protein function. This 59 amino acid sequence is unique and not homologous to any other peptide or protein structure.
Pedigree analysis
We amplified and sequenced genomic DNA from blood samples taken from immediate relatives of P1 and P2 to determine the inheritance of all sequence variants in DYSF 44i, as well as the DYSF exon 32 mutation previously identified in these patients. Figure 6 shows the DYSF genotypes of the family, revealing compound heterozygous inheritance of the DYSF 44i and exon 32 mutations in only the affected individuals P1 and P2, and the maternal inheritance of the DYSF 44i mutation responsible for PE44.1 expression. One other sibling is a nonsymptomatic carrier of this mutation. DYSF protein expression in blood monocytes is absent or negligible in Patients 1 and 2 as expected from previous analyses of dysferlinopathy patients. 25 The segregation of all DYSF intron 44i allelic variants in the immediate family members is shown in Table 2 . 
Prevalence of the deep intronic DYSF (c.4886+1249 (G>T)) mutation
We used an allelic discrimination assay to screen genomic DNA from 114 patients (81 pedigrees) clinically diagnosed with either MM or LGMD2B, along with 724 individuals from a random population (either normal or with an unrelated disease), using the patient P1, P2 and their four immediate family members as a reference. For this, TaqMan primers and probes were designed that distinguish the (c.4886+1249 (G>T)) point mutation from the normal genomic sequence in DYSF 44i. Using these assays, we found that only the two patients and two immediate family members carry this mutation.
In second phase of this study, we performed separate analyses of eight suspected dysferlinopathy patients that had only one or neither of their pathogenic DYSF mutations identified by exon sequencing. These patients were The relative expression of dysferlin in monocytes is presented as the proportion of the level in normal control samples. screened for the c.4886+1249 (G>T) mutation by sequencing. As shown in Table 3 , DYSF protein was low or absent in these patients, with serum CK, an indicator of muscle damage, elevated in most. Of the eight patients screened, two carried the c.4886+1249 (G>T) variant allele.
AON-mediated pseudoexon PE44.1 skipping
The inclusion of PE44.1 leads to a disruptive insertion within the DYSF protein. We therefore hypothesized that interventions that prevent the splicing of this pseudoexon into the mature mRNA should promote the synthesis of normal mRNA. We designed AONs directed against three possible exonic splice enhancer sequences within PE44.1 (Table S5 , Fig. 7A ). Blocking these enhancer sequences could reduce the amount of PE44.1 included in mature transcripts. These AONs were transfected into patient and normal control iFDM cells and mRNAs were analyzed 2-8 days later. As shown in Figure 7B , AON1 treatment for 2 days did not detectably affect the levels of the mutant or normal transcripts and was similar to controls treated with TE or a nontargeting scrambled AON. However, AON2 and AON3 reduced the relative levels of the mutant splice form containing PE44.1, and led to an increase in the levels of the normal mRNA splice form in cells from both patients P1 and P2 (Fig. 7B-D) . For example, as shown in Figure 7C and D, the PE44.1 mutant form of RNA represented~32-34% of the DYSF mRNA in P1 control cultures (TE or SCR scrambled control oligo), and~41% in P2. AON2 treatment for 2 days reduced this mutant form to~12% and 7% of the total DYSF levels in P1 and P2, respectively, while AON3 reduced it to~15% and 6% (P1, P2, respectively). Concomitantly, there was an increase in the normal transcript levels in these cells: AON2 increased the normal form from~45% of DYSF mRNA to~70% in P1 cell, and from 38-44% to 78% in P2 cells. AON3 increased the normal form from~45% of DYSF mRNA to~66% in P1 cell, and from 38-44% to 92% in P2 cells. As expected, no PE44.1 containing mRNA was expressed in normal control cells. These results demonstrate that AONs can significantly modify mRNA splicing to inhibit mutant PE44.1 inclusion, which could potentially restore normal DYSF protein levels and function in these cells. We found that treatment of patient iFDMs with AON3 can indeed induce the synthesis of DYSF protein as well as higher levels of normal DYSF transcripts that do not contain PE44.1 (Figs. 8 and 9 ). Here, TMX-induced iFDM cells were treated with AONs after 6 days of differentiation, at a point when cells are undergoing fusion to form myotubes in these cultures. Eight days after adding AON3, there was a significant increase in DYSF protein detectable by western blotting (Fig. 8A-C) . Elevated protein levels were not detectable in AON3-treated cells after only one day of AON3 treatment ( Fig. 8B and C) , however, there was a dramatic effect at the RNA level, with reduced expression of the mutant PE44.1 form and increase in the normal splice form (Fig. 9A and B) . After 3 days of AON3 treatment, DYSF protein levels were significantly higher in cells from both patients, while normal control cells showed no differences due to AON3. The elevated DYSF protein levels persisted through 8 days post-AON3 addition even though medium containing the AONs was removed on day 3. The effects of AON3 on the relative abundance of the PE44.1 and normal mRNA splice forms were also observed through 8 days post-AON3 addition (Fig. 9A and B) . Therefore, AON-mediated skipping of PE44.1 can restore more normal levels of both DYSF mRNA and protein in these mutant cells.
Discussion
An ongoing concern in studies of the dysferlinopathies is that in~17% of patients with this recessive disorder (described in Universal Mutation Database for Dysferlin (UMD-DYSF, v.1.1 26 April 2013, http://www.umd.be/ DYSF/) 24 ), only one disease-causing mutation is identified. Because most mutational studies involve exon analysis, the other alleles likely involve mutations outside exon regions. In a family in which two affected individuals had only one mutation identified by sequencing exonic regions, we directly sequenced cDNA representing the entire DYSF mRNA in the patients' myogenic cells, identifying an intronic sequence that was inserted within the cDNA. This insertion was generated by a novel point mutation deep within intron 44 (c.4886+1249 (G>T)), designated mutation 44i, which creates a new splice donor site consensus sequence and alters splicing of the DYSF mRNA to include a novel 177 nt pseudoexon (PE44.1) in the spliced mRNA. In addition to the index family in which we identified this mutation, subsequent screening of eight individuals, chosen because they had one or both pathogenic DYSF alleles unknown despite complete exon sequence analysis, revealed that two of the eight (25%) carried this c.4886+1249 (G>T) mutation. Therefore, this mutation might be relevant to a broader population of dysferlinopathy patients whose mutations have not been defined through routine exon sequencing.
Inclusion of PE44.1 within the mRNA leads to an insertion of 59 amino acids within the C2F domain of DYSF. This C2F domain appears to play an important role in DYSF dimerization and membrane localization. 10, 11 Our protein analysis in myogenic cells in vitro detected low levels of DYSF protein of apparently normal size (~237 kDa) in iFDM cells from patients. The 59 Table  S5 ) target potential exonic splicing enhancers in PE44.1 in the areas shown. Primers within exon 44 and 45 were used to amplify cDNAs from iFDMs treated with AONs (duplicate cultures for each) to distinguish normal mRNA transcripts (143-bp product containing exon 44 + 45) from mutant PE44.1 transcripts (320 bp product containing exon 44 + PE44.1 + 45). (B) iFDM cells from Patient P1 treated with AON2 and AON3 (duplicate cultures for each) expressed reduced amounts of PE44.1 mutant mRNA and slightly higher normal DYSF mRNA compared with AON1-treated, nonspecific scrambled (SCR) AON-treated or TE-treated cells, which showed approximately equal proportions of mutant PE44.1 and normal mRNAs. TMX-induced iFDMs were in DM for 9 days then treated with AONs in DM for an additional 2 days. (C) A separate experiment using the same experimental conditions, patient P1, P2, and normal iFDMs (duplicate cultures for each treatment) showed that AON2 and AON3 treatments again reduced PE44.1 mutant mRNA expression and increased the relative abundance of normal DYSF mRNA. As expected, normal iFDMs only expressed normal DYSF transcripts. (D) Quantitative RT-PCR analysis of the same RNAs in (C) show that treatment if patient iFDMs with AON2 and AON3 significantly reduces the expression of the mutant transcripts (gray bars, mean AE SD, *P < 0.05) and increases expression of the normal transcripts (black bars, mean AE SD, **P ( 0.05) compared to SCR and TE controls. The relative expression of each form is calculated using the amplification of a PCR product spanning the exon 50/51 junction as representative of 100% DYSF expression. iFDM, inducible fibroblast-derived myogenic cell; AON, antisense oligonucleotide; DYSF, dysferlin. amino acids encoded by PE44.1 are predicted to add an additional 6.7 kDa to the full-length protein, a~3% size difference (~244 kDa vs.~237 kDa) that is likely to be indistinguishable on the standard SDS-PAGE gel system used. Therefore, in this in vitro experimental paradigm, we cannot be certain whether the low amount of DYSF protein observed is derived only from the residual normally spliced transcripts or from a combination of normal and mutant splice forms. It is conceivable that the mutant protein containing the additional 59 amino acids is unstable because of some combination of protein misfolding or aggregation, leading to its degradation.
The intron 44i (c.4886+1249 (G>T)) variant reported here is the first deep intronic pathogenic point mutation described in the DYSF gene. Mutations that involve the expression of pseudoexons have been identified in other genes associated with muscular dystrophy including dystrophin [35] [36] [37] and calpain 3. 38, 39 However, in contrast with the present DYSF mutation, these generally lead to frameshifts and premature stop codons that prevent protein expression. Currently, 173 intronic variants have been identified within the DYSF gene (Leiden Muscular Dystrophy Pages v. DYSF130329, 29 March 2013, http://www. dmd.nl/nmdb/home.php?select_db=DYSF). In contrast with the deep intronic mutation reported here,~75% of these 173 variants are near intron/exon boundaries or within~70 bp of exons, regions more likely to be interrogated using routine mutation screening methods. Mutations in these exon-flanking regions could affect important branch point or other conserved sequences needed for splicing. Of those,~42% are variants with no known pathogenicity. There are 45 currently known variants deeper within intronic sequences but~82% of these, most of them single-nucleotide variants, have no known pathogenicity; those associated with disease involve larger deletions or insertions spanning exon/intron junctions.
Given that the 44i point mutation in our case leads to an aberrant inclusion of PE44.1, a clear therapeutic strategy to overcome the effects of this mutation is to use exon-skipping strategies to bypass the mutant pseudoex- Figure 7D . AON, antisense oligonucleotide; iFDM, inducible fibroblast-derived myogenic cell; DYSF, dysferlin; PCR, polymerase chain reaction.
on. This approach is effective in modifying aberrant splicing of other pseudoexons 36, 37, 39, 40 (reviewed 41, 42 ). AONs designed to block specific ESEs or other sequences required for splicing can be used to prevent the mRNA splicing machinery from including targeted exons (or pseudoexons) in the mature mRNA. This results in a truncated mRNA and, if no frameshifts occur as a result of the skip, the formation of truncated proteins that potentially retain partial function that is sufficient to improve overall cellular function. In the case presented here, the structure of the deep intronic 44i mutation and resulting PE44.1 aberrant splicing presents a unique and valuable opportunity to apply exon-skipping therapeutics to bypass DYSF pathogenic mutations. AONs designed to skip PE44.1 splicing will restore the normal mRNA splicing pattern and thus normal protein structure. This presents a "best-case scenario" for exon-skipping outcome if the skipping process is efficient and resulting protein synthesis is robust.
Our data show that AONs targeting PE44.1 sequences can indeed modify the splicing pattern of the mutant mRNA, reducing the aberrantly spliced form that includes PE44.1 and concomitantly increasing the normal mRNA form. This is followed temporally by a significant increase in DYSF protein levels. Additional studies are required to determine the nature of the AON-induced proteins, which appear to be of normal full length, but could also include the mutant form.
AON-mediated exon-skipping technologies are now in clinical trials for genetic diseases. [43] [44] [45] [46] Encouraging pioneering work on the development of therapeutic exonskipping reagents has come from Duchenne muscular dystrophy (DMD) cell and animal models showing that AON-mediated exon skipping is effective both in vitro and in vivo. [47] [48] [49] Clinical trials are underway using AONs to promote dystrophin exon 51-skipping, which could benefit~13% of DMD patients (eteplirsen [AVI-4658], Sarepta Therapeutics and drisapersen [PRO051], Prosensa Therapeutics). AONs targeting other dystrophin mutations are under development as well. Results vary, but show encouraging improvements in dystrophin expression and muscle function in patients treated with AONs. [43] [44] [45] [46] 50 Importantly for dysferlinopathies, there is evidence from a specific patient that exon skipping can improve diseased muscle function. 51 In that remarkable case, there was one severe DYSF mutant allele and one lariat branch point mutation upstream of exon 32. Approximately 10% normal DYSF protein levels were expressed because the branch point mutation caused exon 32 skipping, which maintained the reading frame and produced shorter but functional protein, resulting in mild symptoms. Experimentally, AON-mediated DYSF exon 32-skipping in cell cultures leads to the predicted shorter mRNA 52, 53 and our unpublished observations. Analyses of DYSF exon/intron structure and DYSF protein domain structure suggest that patients with known mutations in a number of exons might derive some benefit from AON therapy. 53 This might include up to 20% of these dysferlinopathy patients. An additional 17% of patients have mutations yet to be fully defined, possibly including mutations within introns that could be targeted with AONs. Therefore, it is critical to determine the utility of AON-mediated skipping approach for the treatment of dysferlinopathies.
Our results provide compelling evidence that AONmediated PE44.1-skipping could restore to clinically relevant levels of normal DYSF protein in patient's cells. Studies to demonstrate the functional effects of AON treatments on DYSF protein expression and function in cells from patients P1 and P2 are currently underway. 
